LOW, DONALD A. MACLEOD, AND ALAN E. MARBLE. Coupling of cardiac and locomotor rhythms. J. Appl. Physiol. 66(l): 323-329, 1989 .-The pressure within exercising skeletal muscle rises and falls rhythmically during normal human locomotion, the peak pressure reaching levels that intermittently impede blood flow to the exercising muscle. Speculating that a reciprocal relationship between the timing of peak intramuscular and pulsatile arterial pressures should optimize blood flow through muscle and minimize cardiac load, we tested the hypothesis that heart rate becomes entrained with walking and running cadence at some locomotion speeds, by means of electrocardiography and an accelerometer to provide signals reflecting heart rate and cadence, respectively. In 18 of 25 subjects, 1:l coupling of heart and step rates was present at one or more speeds on a motorized treadmill, generally at moderate to high exercise intensities.
To determine how exercise specific this phenomenon is, and to refute the competing hypothesis that coupling is due to vertical accelerations of the heart during locomotion, we had 12 other subjects cycle on an electronically braked bicycle ergometer. Coupling was found between heart rate and pedaling frequency in 10 of them. Cardiac-locomotor coupling appears to be a normal physiological phenomenon, and its identification provides a fresh perspective from which to study endurance. exercise; walking; running; cycling; biological clock; integration WALKING AND RUNNING are often limited by fatigue of the lower leg muscles (16). Evidence is accumulating that intramuscular pressure plays a role in the ischemia of exercising skeletal muscle. Intramuscular pressure, 55 mmHg at rest (20, 24) , rises during exercise. Isometric contraction at as little as 10% of the maximum voluntary contraction (MVC), resulting in intramuscular pressures of 30-40 mmHg, can partially occlude blood flow to muscle (32, 40) . Complete occlusion occurs at 70% MVC in hand grip muscles and at 20-30% MVC in calf muscles, when the critical closing pressure is reached (37) . Blood flow at extravascular pressure levels below the critical closing pressure is a function of the pressure gradient in the vessel (36). Also, Gray et al. (21) found that some medium-to-large blood vessels temporarily occlude during isometric contraction, where they pass through fascia. Intramuscular pressure during maximum isometric muscle contraction can be very high: in human quadriceps, Edwards et al. (17) (29, 30, 35) . During repetitive moderate-intensity muscle contractions, oxygenated blood may only flow while the muscle is relaxed or contracting minimally, a situation documented in skeletal muscle (4), myocardium (45), and diaphragm (7). We speculated that blood flow to exercising skeletal muscle should be maximized and cardiac load minimized if the peak intra-arterial pressure due to cardiac contraction occurs at the lowest phase of the intramuscular pressure cycle. This would require coupling of the cardiac and skeletal muscle contraction rhythms, with a phase lag that includes an appropriate delay for the pulse wave to reach the exercising muscle (19). The central control (18) of heart and exercise rates makes coupling biologically feasible. Also, the cadence of individuals running near their aerobic limits, 180-190 steps/min (10, 11) , approximates the heart rate at this exercise intensity (13, 14) . Linkages have been identified between respiration and locomotion (8, 22) and between respiration and circulatory events (18, 26) . Yet, although a few investigators testing other hypotheses have looked for it (5,15), no such entrainment of heart rate and rhythmic exercise has been reported, in humans or any other species.
In this study we test the hypothesis that, while normal humans walk and run at some speeds, coupling of heart rate and cadence occurs. Coupling of rates is necessary, but not sufficient, to demonstrate a relationship such as the one about which we have speculated. Our assumption in conceptualizing cardiac-locomotor coupling was that there might be an opportunity for coupling within some limited range of exercise intensities, when the cardiac and locomotion rates are sufficiently similar to make coupling feasible and desirable (perhaps when blood flow to exercising skeletal muscle or cardiac load approach their limits). We recognize that there are other determinants of optimal cadence, such as the relationship between muscle tension and the velocity of shortening (43) and the stored elastic energy phenomenon (27 
METHODS
Subjects. Twenty-five normal subjects were studied; their written consent was obtained after the nature and possible consequences of the study had been fully explained. The experimental protocol was approved by the Human Ethics Committee of the Faculty of Medicine, Dalhousie University. Of the subjects, 15 men and 10 women with a mean age of 30.8 t 9.0 (SD) yr, most were runners competing at distances of >5 km. They wore comfortable running clothes and their usual running shoes.
Procedures. The subjects were familiarized with the laboratory, test procedures, and treadmill at a session -1 wk before the intended data collection (28, 42). After being instrumented and exercising at a low intensity to warm up, subjects walked and ran, at a cadence natural to them, on a motorized treadmill (model ELGZ, Woodway-Geres, Weil on Rhein, FRG). A variety of speeds and grades were used in an attempt to discover the exercise intensities at which coupling occurred. The duration of exercise at each intensity was ~2 min (if the rates were disparate); this was extended to 5 min when the rates became similar. Most subjects began at a comfortable walking speed, proceeded through moderate to a fast uphill walking pace, and then to comfortable and fast running speeds on the level. Coupling was defined as being present when the heart and step rates were within 1.0% of each other. With this definition, correlations between the rates are highly significant and there are no significant differences between them. On 13 of the occasions (7 subjects) when coupling was evident, the treadmill speed was abruptly slowed to disrupt the coupling for -30 s, followed by a rapid return to the original pace.
Data collection. A uniaxial piezoelectric accelerometer (model 7265A, Endevco, San Juan Capistrano, CA), oriented to detect vertical accelerations, was attached to the chest at the level of the sternal angle. Its output contained one major peak for each step (2 steps to 1 gait cycle) (33). Cardiac contraction was represented by the R wave of single-lead (CM5) electrocardiography (ECG). The signals were transmitted by cable, amplified by means of wide-band alternating-current preamplifiers (model 7P3, Grass Medical Instrument, Quincy, MA), and filtered (lo-500 Hz). Filtering below 10 Hz eliminated movement artifact but did not attenuate the higher frequency R-wave and accelerometer spikes, which recurred at ~3.3 Hz. We recorded amplifier outputs continuously on a Grass polygraph to monitor the signal quality and count heart beats and steps.
At exercise intensities where heart rate and cadence were within 1.0% of each other, 65 11-s samples (11 subjects) were recorded on computer (model 9826, Hewlett-Packard, Palo Alto, CA) after analog-to-digital conversion at 600 Hz (model 6942A multiprogrammer, Hewlett-Packard). This sampling rate was much higher than necessary for the fundamental frequencies (13.3 Hz), but the high-frequency components of the signal were used to identify consistent components of the accelerometer signal for relative timing. On 14 occasions (9 subjects) when coupling was evident, 2 min of data were also recorded on an FM tape recorder (model FR 1300, Ampex, Redwood City, CA).
Data analysis. From the polygraph recordings, the time required for 5O-event counts of the accelerometer and ECG signals was used to derive cadence in steps per minute and heart rate in beats per minute.
From the data recorded on computer, a cursor was used to determine the beginning and end of the each of the first 10 steps, with the use of consistently identifiable components of the accelerometry signal (Fig. 1) . A step cycle was operationally defined as the time between consistent points rather than on the basis of initial contact of the foot with the treadmill surface. The cadence was determined to provide concurrent validity for the polygraph-derived cadence. Then, having normalized Only the 18 (of 25) subjects in whom there was evidence of coupling (cadence and heart rate within 1.0%) are shown. * Age-predicted maximum heart rate = (220 -age of subject in years). t Rates are based on time taken for 50 steps and heart beats and reported as steps per minute (spm) and beats per minutes (bpm).
time to 100% of the step cycle and amplitude to the maximum voltage of each signal, we used a three-dimensional plot (Fig. 2 ) of 10 gait cycles to qualitatively ensure that for each step there was a corresponding heart beat and that the phase lag was consistent within this limited period. The data on the FM tape were low-pass filtered (at 5 Hz) and analog-to-digital sampled at 13 Hz. As the maximum frequency of heart beat and cadence was 3.3 Hz, the Nyquist requirement was satisfied. Then the fast Fourier transform (FFT) was used (model 660A Nicolet, Madison, WI) to obtain the power spectrum of each signal and the cross-spectral density (12). The frequency of each signal was thereby available to the nearest 0.0125 Hz (0.75 event/min).
The test-retest reliability (n = 10) for the data analysis and the concurrent validity of the rates available from polygraph, computer, and spectral analysis were excellent, as evidenced by high correlation coefficients (r > 0.996, P < 0.0001) and lack of any significant differences on matched-pairs t tests among the rates.
Cycling. A plausible alternative to the explanation we have suggested for cardiac-locomotor coupling is that during locomotion the vertical movements of the heart and the solid organs in the abdomen mechanically enhance blood flow to or from the heart. Bramble and Carrier (8) and Baudinette et al. (5) have suggested that the movement of these organ "pistons" may explain the locomotor-respiratory coupling that they have demonstrated in humans and other mammals. Although this hypothesis would be difficult to corroborate, we reasoned that if coupling could be found during a rhythmic exercise with minimal trunk motion (such as cycling), this alternative hypothesis would be refuted.
Twelve normal subjects, six men and six women with a mean age of 27.1 t 4.3 (SD) yr, were studied on an electronically braked bicycle ergometer (model 180/O, Gould Godart, Bilthoven, The Netherlands), which held the power output constant regardless of the pedaling rate (39). At a pedaling frequency natural to them, subjects began at a work rate of 25 or 50 W, and the work load was increased at intervals by 25-W increments until the subjects were unable to continue. Ten of the subjects were also monitored during a recovery period, with the use of stepwise decrements in exercise intensity. ECG was used to derive heart rate, as for the subjects tested on the treadmill. Pedaling frequency, in leg thrusts per minute, was derived from magnetic proximity switches (model 49-497, 'Radio Shack, Barrie, Ontario) triggered each time the pedals were in the horizontal position (i.e., 2 leg thrusts for each complete pedaling cycle). Rates were recorded every 15 s by automatic analysis of 4 s of data sampled at 100 Hz. 
RESULTS
The cadence and heart rate of the 18 subjects (72%) who showed evidence of coupling are shown in Table 1 . In 10 subiects. counline occurred while thev walked: in three it was found at more than one speed. While coupling was present, the mean walking heart rate was 124.8 t 11.7 (SD) beats/min, or 66.4 t 6.0% of the agepredicted maximum heart rate. The mean walking treadmill speed and grade at which coupling occurred was 1.73 t 0.17 m/s and 6.0 t 5.6%. In 13 subjects, coupling was found while they ran; in seven it occurred at more than one speed (Fig. 3) . The mean running heart rate on these occasions was 163.2 t 10.6 beats/min, or 85.4 t 5.3% of the age-predicted maximum heart rate. Most of the running studied was on a level grade (0%); the mean treadmill speed at which coupling occurred was 3.59 t 0.85 m/s. In 9 subjects walking and 10 running, coupling would have been present with an even more rigorous definition (rates within 0.5% of each other). When coupling occurred, it did so early in an exercise period as often as it did later on.
On 12 of the 13 occasions (7 subjects), when coupling was deliberately disrupted by transiently slowing the treadmill, coupling was reestablished within 1 min of reaching the original speed. In all 65 three-dimensional plots (11 subjects) at coupled speeds, there was a single heart beat for each step. In 59 (91%), the phase lag between the onset of the step and the ECG signal was consistent (Fig. 2) ; in the remaining six the drift of the ECG signal was slight. The consistency of coupling over 2 min was demonstrated by spectral analysis of the data, which confirmed coupling on all 14 occasions (9 subjects) for which such data were available (Fig. 4) . Although the slightly varying shape of the accelerometry signal ( Fig.  1) did not permit the automatic gating necessary for prolonged step-by-step analysis of most subjects' data, Fig. 5 demonstrates how the phase lag varied over a 5-min period in one subject.
Of the 12 subjects studied on the bicycle ergometer, we found coupling during at least two sampling periods in 10 (83%). In all 10 cases the rates were, at least for a single sampling period, within 0.5% of each other. In five subjects coupling was present at more than one work rate (Fig. 6) . Seven of the 10 subjects who coupled did so during the incremental phase of the exercise test, at a mean work rate of 129 t 37 (SD) W. Five of the 10 subjects coupled during the decremental (recovery) phase, at a mean work rate of 58 t 32 W. The mean heart rate at which coupling occurred was 132.1 t 30.0 beats/min, or 68.5 t 15.3% of the age-predicted maximum heart rate. One of the cycling subjects, who coupled at 125 W, with a heart rate of 137 beats/min, was also one of the treadmill subjects (subject 6), whose data can be seen in Table 1 and in Fig. 3 .
DISCUSSION
The results of this preliminary study show that most of the subjects studied on the treadmill had evidence of coupling between heart rate and cadence at one or more speed or mode of locomotion, and in many instances coupling lasted for 2 min. Yet, this study is only a partial test of our broad speculation. Our speculation, that coupling should permit increased muscle blood flow and reduced cardiac load, is only one possible explanation for the cardiac-locomotor coupling phenomenon, and one that mals requ will ultimately to confirm. ire direct measurements in aniIt may be argued that whenever the rate of one event (e.g., heart contraction) rises from below to above that of another event (e.g., cadence), apparent coupling will be found transiently by chance alone, when the rates intersect. In addition to the accumulated evidence (that led to this study) suggesting the likelihood of a purposeful relationship between heart and exercise rates, four aspects of our study suggest that the coupling demonstrated was more than a chance occurrence. First, the probability is low with only a sampling of exercise intensities that one would by chance achieve rates of the two events within 1.0% of each other. The fact that we found coupling in 72% of subjects walking or running (in most to rates within 0.5% of each other), that coupling was stable enough to last up to 2 min, and that coupling resumed after a disruption suggests that more than chance was involved in the similarity of heart rate and cadence. Second, in many subjects (e.g., those illustrated in Figs. 3 and 6) heart rate and cadence or heart rate and pedaling frequency rose together (tracking), maintaining coupling as the exercise intensity increased. Third, with increasing exercise intensity the heart rate often appeared to approach the cadence more rapidly than would have been suggested by the earlier slope of the heart rate rise and to exceed the cadence with reluctance, suggesting an "attraction" between the rates. Fourth, the demonstration of coupling between heart rate and the three biomechanically distinct (although clearly similar in many respects) rhythmic exercises of walking, running and cycling, suggests that the phenomenon may be a general one, cardiac-locomotor rather than cardiac-cadence coupling. The demonstration of coupling between heart rate and pedaling, during which the thorax moves much less than it does during running, suggests that vertical movements of the heart and abdominal viscera are not a major factor in cardiac-locomotor coupling, one alternative explanation.
We wish to emphasize, however, that our results comprise no more than circumstantial evidence for a functionally significant relationship between heart rate and exercise. The phase lag between the rates will need to be studied with step-to-step analysis over prolonged periods (as in Fig. 5) , rather than by means of brief (lo-step) samples. On a conceptual level, it is unclear what an optimal phase lag would be, or even whether it would be consistent. In the model we described in the introduction, we simplified the considerations to a single muscle in each leg that might be sufficiently large and ischemic to make coupling beneficial. However, several muscles are phasically active in each activity we studied. The fact that these muscles contract at different times during the exercise cycle (225) and that they are different distances along the arterial tree is well established. It is conceivable that the heart couples with the calf muscles (late stance phase) during uphill locomotion, with the quadriceps (early stance phase) during downhill locomotion, and that it rotates its coupling or shifts to a coupling ratio other than 1:l when several mutually incompatible muscles are similarly ischemic. Alternatively, cardiac load, rather than skeletal muscle ischemia, may be the dominant factor in determining the optimal phase lag.
Other limitations of this study, which restrict our ability to generalize to other settings, include the small number and limited age range of the subjects, and the use of stationary exercise (treadmill and bicycle ergometer) rather than overground locomotion where subjects may select their most efficient speeds (3). Also, in some subjects studied on the treadmill, we missed opportunities for subroutines (e.g., slowing the treadmill to disrupt coupling) because our analysis techniques did not permit us to recognize that coupling had occurred until after the data collection session. Techniques that permit real-time analysis would have been preferable. Two previous studies have looked for relationships between heart rate and exercise frequency and have failed to find it. Duffin and Graham (15) studied 10 normal humans to determine whether coupling between heart and respiratory rates was present at rest and during treadmill exercise. This study was not designed to test our hypothesis and is not a good test of it. These investigators used cross-correlation analysis to assess their subjects at a single treadmill speed for 15 min. We found that cardiac-locomotor coupling is quite speed specific and heart and locomotor rates go through periods of entrainment and escape on a minute-by-minute basis. Baudinette et al. (5) found tight coupling between respiration rate and the treadmill hopping frequency of five Tammar wallabies, but no clear relationship between hopping frequency and heart rate. It is unclear whether the discrepancy between their results and ours reflects the differences in methodology or interspecies differences, which, as Carrier (9) (18)? In what activities other than locomotion and cycling can coupling be found? Can exercise of small or unilateral muscle groups induce the phenomenon? Does coupling have therapeutic implications for patients in whom the heart rate (1,23) or skeletal muscle exercise (34) is stimulator driven? Although the answers to these and other questions await further study, cardiaclocomotor coupling appears to be a normal physiological phenomenon, and its identification provides a fresh perspective from which to study endurance. 
